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Abstract

A simplified moist general circulation model is used to statignges in the meridional trans-
port of moist static energy by the atmosphere as the watervamtent is increased. The key
assumptions of the model are gray radiation, with water vapal other constituents having no
effect on radiative transfer, and mixed layer aquaplanentary conditions, implying that the
atmospheric meridional energy transport balances theaadgtion at the top of the atmosphere.
These simplifications allow us to isolate the effect of maiston energy transports by baroclinic
eddies in a relatively simple setting.

We investigate the partition of moist static energy tramspothe model into dry static energy
and latent energy transports as water vapor concentrar@nsicreased, by varying a constant in
the Clausius-Clapeyron relation. The increase in the paddunoisture flux is rather precisely
compensated by a reduction in the dry static energy flux. \tégpret these results with diffusive
energy balance models. The simplest of these is an analgtieluvhich has the property of exact
invariance of total energy flux as the moisture content isiged, but the assumptions underlying
this model are not accurately satisfied by the GCM. A more dexigBM that includes expres-
sions for the diffusivity, length scale, velocity scale ddatitude of maximum baroclinic eddy

activity provides a better fit to the GCMs behavior.



1. Introduction

In midlatitudes, the poleward transport of heat in the afphese dominates over the oceanic con-
tribution (Trenberth and Caron 2001). Dry static energymandsture fluxes contribute more or less
equally to the atmospheric flux (Trenberth and StepanialBBDince moisture fluxes play such
an important role in the total poleward energy transposdrelcould potentially be large changes
in energy fluxes and hence temperature gradients in clinvaithsincreased moisture content.
This would include, for example, global warming scenarioglonates such as the Cretaceous.
However most of our understanding of the extratropicalutation is based on dry theories. The
goal of this study is to improve our understanding of thectftd moisture on energy fluxes and
midlatitude eddy dynamics in general.

There are several schools of thinking regarding the efféchaisture on midlatitude atmo-
spheric circulations. On the one hand, moisture serves agditional source of available potential
energy for baroclinic eddies; therefore it is possible thi#th increased moisture content baroclinic
eddies may increase in strength. On the other hand, in tefrthe wertically integrated heat budget
of the atmosphere, poleward moisture fluxes serve to dexteagerature gradients just as do dry
static energy fluxes. If baroclinic eddies are thought of askimg off of these temperature gra-
dients, with increased water vapor concentration (anceas®d meridional fluxes of water vapor)
one might expect a decrease in strength of baroclinic eddies

The theme of "compensation” between different componeittseopoleward energy transport,
the idea that the total transport is more strongly conségithan individual components, is a re-
curring one in climate modeling. Manabe and coauthors hiabes] the changes in energy fluxes
under different climate model configurations in severadl&s.. For instance, when the ocean com-
ponent is removed from a coupled general circulation mo@&N!) and replaced by a mixed
layer surface, the total (atmosphere plus ocean) energgslare nearly unchanged (Manabe et al.

1975); the atmospheric energy transport increases to amapethe loss of ocean heat flux. When



mountains are removed from a similar atmosphere-only G@BItatal moist static energy fluxes
also show little change, even though the partition intoietatry eddy and transient eddy fluxes
is very different (Manabe and Terpstra 1974). Finally, Manat al. (1965) study the removal of
moisture from a full GCM, albeit by artificially constrairgrthe static stability in the dry model.

Again the moist static energy fluxes are found to be relatiirelariant; there is a compensating
increase in dry static energy fluxes as the moisture fluxeseameved.

Stone (1978) suggests a very simple framework for undedsigrthe relative invariance of
the atmospheric moist static energy fluxes (or total atmespplus ocean energy fluxes) in these
studies. The claim is that the total poleward energy fluxaselto that obtained by assuming that
the outgoing long wave radiation (OLR) is independent dfude, given the observed pattern of
absorbed solar radiation. Relatively flat OLR is seen in G@kuations as well as observations.
The claim is that the atmosphere is efficient at flatteningQh®&, and it is the proximity to this
limit that results in the insensitivity of the total flux.

From another perspective, the determination of polewaedgsrfluxes is often studied within
a diffusive framework. This body of work includes the enelbgfance model studies of Budyko
(1969) and Sellers (1969), and the diffusivity scaling theoof Stone (1972), Green (1970), Held
and Larichev (1996), Haine and Marshall (1998), and Barrgl e€2002). The local diffusivity
argument is evaluated in a dry quasi-geostrophic model arPand Held (1996). There are
alternatives to the diffusive framework. For instance bhnic adjustment theories predict the
temperature structure of the atmosphere (based on neirtgpiome measure of baroclinic insta-
bility) without references to the fluxes required to givesthiructure. Diffusive theories in which
the diffusivity is a strong function of temperature gradgepredict that it is hard to change these
gradients, and baroclinic adjustment theories can havsaime result. To the extent that the OLR
is primarily a function of temperature and the absorbedrsaldiation is fixed, the total atmo-
spheric energy transport would be hard to change as well.

Our goal is to evaluate these differing perspectives wittmndealized moist GCM by varying



the water vapor content of the atmosphere, and studyingiieges in moist static energy fluxes

and their partition into dry static energy fluxes and momstiluxes.

la. An ldealized Moist GCM

Water has a remarkable variety of effects on the climatai&embert 2002). We have developed
a simplified moist GCM which isolates one of these, the dyaireffect of water vapor through
latent heat release, in order to study the interactions a$tun@ with large-scale dynamics in a
framework of relative simplicity.

Complete descriptions of all the physical parameteriratia our model can be found in Frier-
son et al. (2006), referred to in the following as Part I. Wee@ brief summary of the parameteri-
zations here. The surface boundary condition is a zonaitysgtric aquaplanet with a slab mixed
layer ocean of fixed heat capacity, so sea surface tempesaddijust to achieve energy balance
in the time mean. There are no ocean heat fluxes in the modednaigal or prescribed, so the
atmosphere performs all the energy transport in the model.

We use a gray radiation scheme in the model, in which the @gtepths are fixed and radiative
fluxes are a function of temperature alone. There are theref cloud- or water vapor-radiative
feedbacks. This assumption allows us to study the dynanmygadct of increasing or decreasing
the water vapor content of the atmosphere in isolation fraynradiative effects. We do not claim
that the dynamical effects isolated in such a model domioege radiative effects when, say, the
climate is perturbed as in global warming simulations. Betdwo argue that it is very helpful to
isolate the dynamical from the radiative effects in this wagrder to build up an understanding
of the fully interactive system. The optical depths in thaygscheme are a function of latitude
and pressure, which we design to approximate the effect tdfrwapor in the current climate. The
shortwave radiative heating approximates the annual meashortwave heating at the top of the

atmosphere, and is all absorbed at the surface. There ismuabor diurnal cycle in the model.



Our surface fluxes are calculated from a simplified Monin-khmy scheme in which drag
coefficients are independent of boundary layer stabiligyvjated the surface is unstable, but with
reduced drag over stable surfaces. The boundary layer scleem standard K-profile scheme
with prognostic depth that asymptotes to the diffusivitraplied by the Monin-Obukhov scaling
near the surface. There is no convection scheme, only la@e sondensation when a gridbox
becomes saturated. There is additionally reevaporatianyfalling precipitation into unsaturated
regions below, making the rather extreme assumption teatdlumn must be saturated all the way
down for precipitation to reach the ground. There is no cosdee in the model. These large scale
condensation-only simulations are very similar to sinmala we have performed with a moist
convective adjustment convection scheme (Manabe et ab)1%8e have additionally developed
a simplified Betts-Miller convection scheme for use in thiedal (Frierson 2006); the results
presented here, focused primarily on midlatitude fluxesjragensitive to the choice of convection
scheme unless otherwise stated. We utilize a spectral dgaboore with sigma coordinates, with
vertical advection of water vapor by the piecewise parabokthod.

In Section 2, we present results concerning the energyfdaatssas the water vapor content is
changed. In Section 3, we interpret the degree of compemsafimoisture fluxes by dry static
energy fluxes using energy balance models, including a nvaitlethe property of exact compen-
sation. We discuss theories for the diffusivity in thesergpddalance models in Section 4, and

conclude in Section 5.

2. Dependence of Energy Transportson Water Vapor Content

We vary the water vapor content of the atmosphere by chantmgaturation vapor pressure

constant;; which appears in the Clausius-Clapeyron relation

e*(T) = ege™ Re/T-1/0 o



The latent healL, is independent of temperature and is not varied from experino experiment.
We find that varying the constant is a useful and simple way to vary the moisture ootk
the atmosphere, with highef, values used as an analog for warmer climates, and lejves
an analog for colder climates. In equation 1, we iige= 273.16 K, and the control value of
the saturation vapor pressure parametef,is- 610.78 Pa. We additionally consider cases with
ey = Eeg(control). Experiments witié = 0 are denoted as the “dry limit§ = 10 is the 10X
case, etc. in the following. The simulations presented hezerun for 1080 days, with averages
calculated over ever time step of the final 720 days. We hamethe following cases at T85
(corresponding to 1.4 degree horizontal resolution) whhsRyma levels: = 0,0.5,1,2,4 and
10. We have additionally run the cases- 0,1 and 10 at T170 (0.7 degree horizontal resolution)
with 25 levels. The climatologies of the T170 cases are pitesein detail in Part 1. We use
extreme values of to better appreciate the effect of water vapor on atmospligmamics over
a wide parameter range. While the highest and lowest valigesxreme, the moisture content
in these simulations are perhaps not much more extreme #rgrceld and very warm climates
experienced on Earth, such as the snowball Earth, and thespowball hothouse climates, with
other paleoclimate regimes and global warming scenartesnrediate.

We next study the poleward fluxes of moist static energy: ¢, 1+ gz + L, q, dry static energy
s = ¢, 1" + gz, and latent energy.,.q. The vertically integrated flux of the moist static energy is
defined amacos¢ [ vmdp/g, wherea is the radius of the Earthy is latitude, and the overbar
denotes time and zonal mean. Figure 1 contains the veytica#igrated meridional moist static
energy (MSE) fluxes, dry static energy (DSE) fluxes, and tagarrgy fluxes as functions of lati-
tude for¢ = 0,1, and 10 at T170. The intermediate cases 0.5, 2, and 4 are additionally plotted
in the DSE and moisture flux plots. As we change moisture contiee moist static energy trans-
port is nearly invariant at every latitude. The moistur@sg@ort increases greatly as we incregse
but there is a large amount of compensation by the dry stagogg fluxes. A useful measure of

the degree of this compensation can be obtained from thiéigauinto sensible and latent energy



fluxes at the latitude of maximum total flux. This latitude pgpeoximately the same for all of the
simulations; it is always located between 35 and 38 degasds,the total (atmosphere plus ocean)
poleward heat transport in observations (Trenberth andrC2001). The moist static energy flux
and dry static energy flux at this latitude are plotted as atfan of £ for all cases in Figure 2.
Table 1 lists all the fluxes at the maximum latitude for the @tases, and Table 2 contains the
T85 cases. At the highest resolution, the amount of compiens@efined by the magnitude of
the change in sensible flux divided by the change in laten) fkialmost 99% when going from
the dry limit to the control case, and decreases with inémgasoisture content (tez 93% when
measured from the dry limit to the 10X case). The fluxes areesdmat a function of resolution,
especially for the cases with higher moisture content. We tiaat the compensation increases as
resolution is increased. From the top of the atmospherggibeidget, the invariance of the energy
fluxes implies that the outgoing longwave radiation is cansas well. We discuss the connection
between these quantities, and theories for the compensatiections 3 and 4.

The cases with moisture have a well-defined Hadley cell regia to approximately 20 de-
grees, with strong equatorward transport of moisture, @reated by poleward dry static energy
flux. The fluxes within this Hadley cell region only changegbliy with moisture content: for
instance there is an increase of the maximum equatorwarstaneiflux of only= 30% from the
control case to the 10X case.

Poleward of the Hadley cell, the DSE fluxes decrease andmstigivard as moisture content
increases. The 10X DSE fluxes in the extratropics are snlidy becoming slightly equator-
ward around 30 degrees). The latitude of maximum DSE fluxerettiratropics shifts significantly
poleward as moisture content is increased, f&#hin the dry limit to 62° in the 10X case (Fig.
1b). The moisture flux maxima all occur at approximately thme latitude as we vary moisture,
betweer30° and34° for all cases. The increase in extratropical moisture flusemt as rapid as
the increase ig. Betweer20° and40°, the moisture fluxes are approximately twice as large in the

10X case compared with the control case. This ratio of mmdluxes between the 10X case and



control case increases to a factor of 7 near the pole.

The actual water vapor concentrations in the model increese slowly than the increasegn
especially in the tropics, for several reasons. One imporeason is that lower tropospheric tem-
peratures decrease with increasing moisture. The globahrrepospheric temperatures cannot
change much because the insolation is unchanged, the OLRRms®@on of temperature only, and
the average effective level of emission, where OLRE, is in the midtroposphere. The vertical
structure changes are primarily due to changes in the mdiabat, forcing lower tropospheric
temperatures to decrease. Therefore, the column-inesbvadter only increases by a factor of 5-6
for much of the troposphere from the control case to the 13 chn addition, the strength of the
mean circulation and of the eddies decrease in the high ameisases. From the control case to
the 10X case, the strength of the Hadley cell is reduced bgtarfaf two, and the maximum eddy
kinetic energy in midlatitudes decreases by over a facttwof These two factors combine to ex-
plain the moderate increase in moisture fluxes in midlagisudVithin the Hadley cell, there is an
additional factor which contributes to the very modestéase of the moisture fluxes of only 30%
in the 10X case. This additional effect is the moisture cond¢the outflow level; while negligible
for the low moisture cases, the specific humidity outflow fug 10X case is half as much as the
lower layer humidities. This results from the strongly ésged lapse rates in the high moisture
cases.

Figure 3 gives the decomposition of the total flux into measheshdy components for the T170
simulations. In observations of the currrent climate, theahd latent energy fluxes, and the mean
and eddy components of these fluxes, combine to create alesssiratitudinal profile of the MSE
flux (Trenberth and Stepaniak (2003a), Trenberth and Siap&R003b)). As we vary moisture
content in these simulations, the partition changes awbtibut the sum still creates a seamless
profile for the total flux.

While our primary focus here is on midlatitude fluxes, we tyidescribe how the Hadley cell

fluxes change witlf. While the total MSE transport varies smoothly in latituchel avith £, the



component of the MSE transport by the mean Hadley cell vamissibtle ways. The Hadley cell
actually transports energy equatorward in parts of the dexggics in each of these simulations,
with equatorward transport over a wider area as moistureasgnations increase. This equator-
ward flux is balanced by strong eddy moisture fluxes in eacheintoist runs, and small eddy
fluxes of dry static energy in the dry case, so that the tolggntransport is always poleward and
smoothly varying with latitude.

A useful diagnostic when studying energy transports by thadlél cell is the gross moist
stability (Neelin and Held 1987), the amount of energy tpamged per unit mass transport by the
circulation, i.e.,

& omdp

"Ps
Pm

whereAm is the gross moist stabilityp is the moist static energy, is the surface pressure, and

Am = (2

vdp
pm 1S SOme midtropospheric level (defined so that the equatdrmass flux occurs mostly below,
and the poleward mass flux occurs above this level). Sinceaeveamsidering the zonally and time
averaged flow, we can use the meridional velocity as the w®ighthis calculation, as in Held
and Hoskins (1985); using the divergence as a weight, asaétimNend Held (1987), gives similar
results. We plot the gross moist stabilities for the T170wations in Figure 4. For the dry limit,
the gross moist stability is almost exactly zero at the empu#ss than 0.1 K), and increases slowly
away from the equator, reaching 5.6 K at 15 degrees. Thealarase is more strongly negative
at the equator (-2.2 K), and becomes positive more quicklgyafiom the equator. The 10X
case begins slightly stable at the equator, then becomedivieegut to 9 degrees (the asymmetry
between hemispheres in these two cases is due to samplimgedthe fact that the mass transport
in the denominator of this expression approaches zero &ghator). A consistent picture of this
behavior and the area of equatorward transport is that a krgle condensation-only model of
this resolution creates a highly unstable tropics whichdparts energy towards the source of
the convection, as in CISK theories (Charney and Eliasséd)1With eddies carrying significant

amounts of latent heat poleward. In the dry limit, in conirtee temperatures are essentially on the



same dry adiabat throughout the tropics, implying zeracsséability at the equator, and small eddy
fluxes. Not surprisingly, the tropical circulation withini$¢ model, with no convection scheme, is
sensitive to resolution. This dependence on resolutiod,the effect of an idealized convection
scheme on the Hadley circulation, gross moist stabilitg, tapical precipitation distribution are

studied in Frierson (2006).

3. Energy Balance Models

We have demonstrated in Section 2 that there is a rathersprecsmpensation between changes in
latent energy fluxes and dry static energy fluxes as we&avye can put into context how precise
this compensation is by addressing the argument of Stor8j1Bat explains compensation from
the flatness of the OLR. Given the net shortwave radiatioheatdp of the atmospherg, and the

OLR, I, the moist static energy fluk is

F(¢) = 2ma? /0 *(S = Dcosddg* 3)

whereg¢ is latitude and: is the radius of the Earth. One might consider the limit inathOLR
is flat, in which the atmosphere has managed to remove thestatope gradient at the effective
emission level for the OLR, as the maximum sustainable gbimersc flux. This is actually not a
strict upper limit in our model; we have generated solutjevith optical depths strongly decreas-
ing polewards, with reversed temperature gradients atrfisséon level (but not at the surface).
However this limit is still interesting to consider. Sulbsting in the shortwave radiation profile
used in our model, and the proper uniform OLR to ensure glebatgy balance (23416" m—2),
one obtains 7.82W for the maximum flux. For our idealized GCM, the fluxes are sightly
far from this limit (= 5.6 PW for £ = 0 and{ = 1) that this cannot be the full explanation for the
insensitivity of the total flux to water vapor content.

To help interpret the compensation of energy fluxes, we dhice a one-dimensional energy

balance model (EBM) in which all of the energy transport fudive (Sellers (1969)). The form

9



of the energy balance model is

0 = S—I1+DVm
= S—-I1+ ﬁi(gb)% (cos(gﬁ)é—?) 4)
whereD is the diffusion coefficient. It is related to the kinematitfusivity D, by D = p,D/g,
wherep,/g is the mean mass of an atmospheric column per unit area, wigchet equal to
10* kg m~2 when needed. Lapeyre and Held (2003) have obtained relattsuggest lower layer
values of moist static energy are most appropriate for sifeimodels of energy fluxes; therefore

we takem to be the moist static energy just above the surface whiclbeamritten as

Rde:
Ryps

m = ¢,Ts + Ly,qs = ¢,T5 + hsLyq, = ¢, T + hiL, (5)

where the subscriptsrepresent surface valueg,is the saturation specific humidity at the surface,
hs is the surface relative humidity, and is the saturation vapor pressure calculated using the

surface temperature in equation 1. The dependeng¢ecomes from the expression.

3a. EBM with Exact Compensation

The simplest energy balance model we present has the pyapfeekact compensation: energy
fluxes do not change as we vary moisture content through tteengder{. This model uses the
following assumptions in the diffusive energy balance nhode@rst, the diffusivity D does not
change as we vary moisture content. Second, the effectreé & emission (the level where the
temperature equald /o)'/*, whereo is the Stefan-Boltzmann constant) does not change as we
vary £. This is an excellent approximation for this GCM since theicg depths in our gray
radiation scheme are the same for all of our simulationsrdThve assume that all water vapor
has condensed out at the emission level. This assumptionssezasonable since the emission
level in our GCM is well above the e-folding depth for watepwa Finally, we assume that the

atmosphere has the same moist static energy at the emissaras it does at the surface. This is
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a reasonable starting point, since the moist isentropearimodel are close to vertical from the
midlatitudes equatorwards, a key result in Part .

To prove that the solution of this EBM is independent pfewrite the EBM as
0=2S—oT%+ DV*m (6)

whereT% is the emission temperature. Using the assumptions thattthesphere is on a moist
adiabat between the surface and the emission level, andhthatater vapor is negligible at the
emission level, we can relate the surface moist static gnerghe temperature at the emission
level:

g =m— gzg (7)

Substituting into the EBM, we have
0=2S—o(m—gz)'/c,+ DV?m (8)

Nothing in this equation is a function @f therefore there is a unique steady solution/fgrthe
flux of m, and the OLR. Changingonly changes the partition of the fluxes into latent and sx@si

components. We refer to this model as EBM1.

3b. Refinements to the EBM

None of the assumptions in EBM1 are exactly true in the GCM thgeefore modify the EBM to
understand the GCM further. We first relax the assumptionathanoisture has condensed out by
the emission level, and calculate actual moist adiabatgtthg emission temperature, assuming
a surface relative humidity of 80% (an assumption for s@rfiedative humidity is required, and
we choose 80% as an approximation to the model simulatio®bserved surface humidities).
We additionally assume that the diffusion coefficient isspendent of latitude, and tune its value
to match the maximum flux in the control case to that of the G@¥. run the EBM with the

emission heights from the control run of the model as inpuie €mission levels in our model
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change little from simulation to simulation since the ogtidepths for radiation do not change.
The emission level peaks at the equator with a value of appately 6%4m, and has a minimum

at the poles of 1.5m. We note that the approximation
zp = 1590 — 700 cos(¢) + 5370 cos?(¢) 9)

gives an excellent approximation to the control simulateonission level, and can be used to
reproduce the results below.

The result of tuning the diffusivity to match the maximum fiaxhe control case to that of the
GCMisD = 1.84 x 10° m? s~!, which produces a good fit to the flux of MSE at all latitudes. We
refer to the resulting model as EBM2. The surface moistcstatergy gradient is close to the GCM
value in the control experiment as well. One can compute #ntjon of the flux into moist and
dry parts if one assumes that the fluxes of temperature aret wapor are individually diffusive
with the same diffusion coefficient. Making this additio@asumption, one finds that the ratio of
moisture flux to dry static energy flux is larger than the GCNMiga This can be attributed to the
neglect of the moist stability, which causes the EBM surtaceperatures (and hence the moisture
content and moisture gradients) to be slightly too large wéier, due to the large increase in
complexity that would be needed to model the static stgbdlitd its spatial structure, we find
this model of the control case adequate. We emphasize tHatgad latitudinally constant moist
stability to this model keeps the moist static energy fluxdhme, but does affect the partition into
dry and moist components. Therefore we primarily focus @nntioist static energy fluxes in the
following.

We proceed by using the same diffusion coefficient and eomdsivel profile within the EBM
while varying moisture. The maximum fluxes for these casesbeaseen along with the GCM
values in Figure 5. Clearly we have lost the precise cartcalaaptured by EBM1. The maximum
fluxes now range from 5.2®WW for the dry limit to 7.22 P for the 10X case. Despite its

elegance, we do not believe that EBM1 captures the essernbésqirecise cancellation, since
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the assumptions made in EBM2 with regard to the differenamaist static energy between the
surface and the level of emission mimic the GCM more closely.

We now examine the effective diffusivities found in the GAddth to refine the energy balance
model further and to test these values with theories for tfiesivity such as Held and Larichev
(1996) and Barry et al. (2002). We define the diffusivity as Wertically averaged flux of moist
static energy divided by the gradient of moist static enexrgthe surface. These effective diffu-
sivities for the T170 cases are plotted in Figure 6 for theagsapics. We have removed the deep
tropics from this plot, where the diffusive approximati@not expected to be valid. The values
in the tropics are poorly defined, but do not have a large effie¢he solution in any case because
the MSE flux is small there. When area-averaged over thetexpias (poleward of 25 degrees)
the mean diffusivity decreases with moisture content. €hasan values of the diffusivity for
all cases are plotted in Figure 7. They are somewhat semsitithe latitudinal domain used for
averaging, due to the complex spatial structures. We noteber that the value for the control
case (.87 x 10° m? s~!) is very similar to the value which works best in EBM2. The @arison
with the T85 cases in Figure 7 demonstrates the relativengitbaty to resolution of the inferred
diffusivity, and confirms the gradual decrease of diffugies moisture is increased.

We next investigate the sensitivity of EBM2 to the diffusyyffirst by calculating the diffusivi-
ties required to reproduce the maximum flux in the GCM simaites. Using the T170 simulations
only, we find that the values required by the EBM in the 10X cas#the dry limit are very close
to the actual GCM values. When the control emission heighsed for all cases, the required
diffusivities are2.05 x 10% m? s~! for the dry limit, and1.10 x 10° m? s—! for the 10X case.
These required diffusivities for the EBM as a functior¢are also plotted in Figure 7. The agree-
ment between required EBM diffusivity and the GCM valuesgasis that a theory for the change
in diffusivity is the only remaining component needed to lakpthe compensation seen in our
GCM. Changes in static stability, emission level, and tinecstire of the diffusivity are secondary

to changes in the mean diffusivity in explaining the behavicthe GCM.
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To get an idea of the sensitivity of the fluxes to the diffusiwithin EBM2, we run this model
over a wide range of diffusivities for the dry limit, controhse, and 10X case. The maximum
moist static energy flux as a function of diffusivity is pkedtin Figure 8. Each point on this plot
represents one steady state of the EBM. When the diffussigmall, the fluxes go to zero and
the model is in radiative equilibrium. In the other extrenneit, the surface temperature and moist
static energy have become homogenized. This corresporadsetersed OLR gradient due to the
emission height structure with latitude. The flux asymdtea smaller value for the 10X case
due to the reduced temperature lapse rate up to the emissigndreating a smaller OLR reversal,
and smaller fluxes. Provided the diffusivity is not very sixthle latitudinal structure of the fluxes
is very similar over this wide range of diffusivities. The xraum flux always occurs within 2
degrees of 36 degrees provided the diffusivities are gréfaa®9 x 10° m2s—!.

It is clear from Figure 8 that the maximum fluxes are quite gimesto changes in diffusivity
at their current state. In fact, each are at approximatay thost sensitive point in the domain of
diffusivities. The 10X case is most sensitive to diffuginidr small values of diffusivity, due to the
strong positive feedback of moisture on surface moistcstaitergy gradients as surface temperature
gradients increase. Our conclusion from this plot is thatdirange in diffusivity from case to case
is important for the observed invariance of fluxes. Whilesicertainly possible that the total flux
in this system is somehow constrained to remain nearly urgdthfor some other reason, and that
the effective eddy diffusivity then adjusts to satisfy tbanstraint, we do not have a candidate for

this constraint and, therefore, continue by examiningiptessheories for the diffusivity.

4. Theory for Diffusivity

Eddy diffusivity theories are based on the principle thatybations in the quantity being mixed

can be written as a mixing length times the mean gradienteofjttantity, in this case, that

tom

/
= _Lmi:p_
|| 90

(10)
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Then the eddy diffusivity is calculated as the following:
D = kL. |V 11

wherek is a correlation coefficient betweehandm, and|v’| is the rms eddy velocity. In the past,
theories have been developed using length scales inclakdéenBhines scale (Held and Larichev
(1996), Barry et al. (2002)), the Rossby radius (Stone ()92 scale with maximum growth in
the Charney problem (Branscome (1983), Stone and Yao (1,2 the width of the baroclinic
zone (Green (1970), Haine and Marshall (1998)). These ig®bave used scales for the velocity
fluctuation including the mean zonal wind (Stone (1972) ndaind Marshall (1998)), scales based
on equipartition of kinetic and available potential engi@yeen (1970)), or scales based on entropy
production and the kinetic energy cycle (Barry et al. (2002)

In Part I, we found that the length scales of eddies in the GR@FgRsured by the spectrum of the
vertically averaged variance of the meridional velocitg, emarkably constant, both with latitude
(outside of the tropics), and with changes in moisture, tiesipe large changes in dry stability and
the radius of deformation. One is tempted to view this fixedlyestale as determined by the fixed
geometry, but one can change this length scale, for exaroplehanging the rotation rate or by
changing the baroclinicity, holding fixed. The dynamical interpretation offered in Part | is that
the length scale is the Rhines scale at the latitude of maxieddy kinetic energy. We define this
scale to bel g, with L% = |v'|/3. The latitude of maximum eddy energy moves poleward as
increases, and the resulting decreasg at this latitude is essential in order for this theory to fit
the GCM data, with a length scale that changes very little ereases. From this perspective,
there is nothing fundamental about the insensitivity oféddy length scale té.

We first investigate whether this length scale timésat the latitude of maximum eddy kinetic
energy (EKE) gives an adequate description of the changdiffursivity. We plot these predicted
diffusivities (kLz|v'| = k[v'|*/2371/2) along with the average GCM diffusivities in Figure 9. A

correlation coefficient = 0.32 is chosen to match the T170 control case diffusivity, ans tinen
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is used for all cases. The diffusivities agree well with tH@NG&for high moisture cases, but diverge
slightly at low moisture content.

To complete this expression for the diffusivity (and henoe temperature profile and fluxes
from the EBM) one needs a theory for the latitude of maximuniEE&nd the RMS velocity at that
latitude. In Part I, we show that the static stability can $ome purposes be thought of as near
neutral in terms of moist stability from the midlatitudesiatprward. However, there is some moist
stability in the midlatitudes that increases as moisturadided. Further, the atmosphere is very
stable in the polar regions. Lacking a simple unified theontlis behavior, and consistent with
the level of complexity of the EBM as presented so far, westigate whether a useful expression
for the diffusivity can be obtained without considering htmwdetermine the moist stability and
how this moist stability affects the diffusivity.

The latitude of maximum eddy kinetic energy shifts signifita poleward as the moisture
content is increased. The Eady growth rgi@l//0z/N has been successfully employed to locate
the latitude of midlatitude storm tracks (Hoskins and Vald®90). This depends on the stabil-
ity, but we simply ignore this dependence here and assumehéastructure in the meridional
temperature gradient is dominant, estimating the posafanaximum kinetic energy by locating
the maximum in the temperature gradient at 63%:.. These quantities are plotted in Figure 10.
This simple method captures the latitude of maximum EKEequtll. The predicted latitudes are
plotted in Figure 11.

Finally, we need an expression fef|. Stone (1972) assumes

. 1oT
ol o & 12

which is equivalent to assuming equipartition between ddigtic energy and the mean available
potential energy within one radius of deformation, but tinel eesult (Eqn 12) has no explicit
dependence on static stability. Since our results are fiidtter by assuming that the eddy scale is
the Rhines scale (at the latitude of maximum EKE) than withyaod moist Rossby radius, use of

this expression would appear to be inconsistent. Howewbnd&der (2004) shows in an idealized
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dry model that the static stability adjusts to keep the Rpsalius proportional to the Rhines
scale, preventing a significant inverse cascade. In ourtmmmdel, in which we also do not see a
significant inverse cascade, we speculate that there mayy bffezctive moist stability that allows
use of this same equipartition argument, although we do nowkhow to estimate this effective
stability independently. If this were true in our model, uiggests that a Rossby radius could be
used as a measure of eddy length scales, if we knew the priapiersability to choose.

While our justification is not very solid, we have found no@tkimple scaling argument that
works as well. The expression Egn 12, using the temperatadient at 630 Pa at the latitudes
of maximum EKE in the GCM (and at the latitude of maximum EKE in the GCM as well), is
compared to the vertical mean GOM| in Figure 12.

We next run the EBM predicting the latitude of maximum EKE RMS meridional velocity,
the length scale, and the diffusivity. These are predictezhah time step, and the model is run
until converged. The equations for this model (EBM3) are enfdly explicit in the appendix,
where we also describe the tuning process. The results éofluRkes in EBM3 are plotted in
Figure 13. Given our level of understanding of closures foistheddies, this level of agreement
is encouraging. Further, the movement of the latitude ofimam EKE is well-predicted by
this model, although somewhat exagerated: these are gliottéigure 11. The predicted RMS

velocities can be found in Figure 12, and the diffusivitie§igure 9.

5. Conclusions

We have studied the meridional fluxes of moist static enesgy@isture content is increased within
an idealized GCM. The moisture fluxes increase with moistisrexpected; however there is an
accompanying decrease in the dry static energy flux, ledlmtptal moist static energy flux nearly
unchanged, both in terms of structure and magnitude of flukks compensation (change in dry

static energy flux divided by change in moisture flux) at leté of maximum flux is approximately
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99% from the dry limit to the control case at T170 resolutids. moisture content increases, the
total flux increases slightly, but there is still 93% comgaim from the dry limit to the 10X case
at T170 resolution. The compensation is remarkable giverldige changes in many aspects of
the climate among these simulations: as moisture contémtrieased, the dry stability increases,
the jet shifts poleward, the eddy kinetic energy is reduaed,the Hadley circulation weakens.

We investigate the reasons for this compensation withiuglife energy balance models. En-
ergy balance models with diffusivity that is uniform withitade are able to capture the latitudinal
structure of the moist static energy fluxes from the simatatiwith considerable precision; this is
in accordance with the result of Stone (1978) that the sireatf the fluxes cannot deviate much
from the shape of the fluxes obtained from assuming constaRt\vath latitude.

An energy balance model with four assumptions, all of whioh approximately satisfied
within the full model, has the property of exact compengatis moisture content is changed.
This model consists of fixed diffusivity of surface moisttgt@nergy, fixed emission level, neutral
moist stability between the surface and the emission level,all moisture condensed out by the
emission level. We provide a simple proof for the invariaot#uxes in this case.

The upshot of the latter three of the these assumptionsthbaiutgoing long wave radiation
can be thought of as a function of the surface moist staticggnes not accurately observed by
the GCM and, as a result, in order to explain the near-equalifluxes especially in the higher
moisture content cases, one must additionally considechiaage in diffusivity with moisture
content. The diffusivity is found to decrease by approxghabne-third as moisture increases
from the control case to the 10X case, and using the GCM vaitidgfusivity within the EBM
gives the proper degree of compensation. As in standarchieingth theories, we write our
theory for the diffusivity as the product of a length scaleds a velocity scale. The length scale is
taken to be the Rhines scale at latitude of maximum EKE, asrhlPThe latitude of maximum
EKE is chosen to be the latitude with maximum temperatureigrd at 630k Pa. The theory

for the velocity scale is based on equipartition of dry meaailable potential energy within a
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radius of deformation, and eddy kinetic energy. An EBM timatudes all of these effects is able
to qualitatively reproduce the poleward shift of the jete tieduction in EKE, the reduction in
diffusivity, and near-equality of fluxes with moisture cent.

Moisture affects atmospheric static stability, tempeagradients, eddy energies, the latitude
of maximum eddy activity, and the relative magnitude of thestatic and moist poleward energy
transports. The three energy balance models we have pipotdgs work each provide a frame-
work for interpreting changes in these quantities in atterl@nates, and can be used as a baseline
for comparison with full GCM simulations.

A robust poleward shift of the midlatitude storm track wititieased temperature/moisture
content has been seen in global warming simulations (Yirb2@hd with a full GCM over ideal-
ized boundary conditions (Cabellero and Langen 2005). €sults suggest that moisture may be
fundamental in determining this shift, but further work esded to quantify this effect as compared
to other mechanisms that can shift the midlatitude circagpolewards.

The energy balance models suggest that the key to the paleshit in this idealized GCM
with increasing moisture is the increase in latent heatingidlatitude storms, this heating being
centered equatorward of the storm track, thus shifting éhgperature gradient giving rise to the
storms further polewards. Alternatively, if one allows sek to start from the result that the total
poleward energy flux changes much less than the latent h&abfie can argue that the maximum
in the dry static energy flux must move polewards in respoogbkd preferential increase in the
latent heat flux on the warmer, equatorward side of the stoaiokt The poleward movement of
the storm track then follows if one ties it to the location loé tmaximum in the dry static energy
flux. Effectively, the increase in moisture makes it easiereiddies of the same size to transport
energy, but this easing is felt more strongly on the equamhsgide, so the eddies shift polewards

where the workload is still nearly as great as before.
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6. Appendix: Description of EBM3

The full energy balance model EBM3 consists of the diffusimergy balance equation, combined

with a theory for the diffusivity. The full equation in steadtate is

D d dm

wherem is the surface moist static energy,is the solar heating] is the longwave cooling)

is the diffusivity, a is the Earth’s radius, and is the latitude. The solar heatirf§is specified
to be the same as in the GCM. The longwave cooling calculated from the temperature at the
emission level, i.e.,

I =0T(zp)* (14)

with the emission levelz given by the approximation in equation 9. The temperatutkeaemis-
sion level is calculated from the surface moist static enagsuming a surface relative humidity
of 80%, and moist adiabatic temperature structure throutgthe troposphere. The moist adiabatic
approximation is used in all aspects of the energy balanaeimo

The diffusivity D is calculated as proportional to a length scale and an eddgiteescale with

a constant of proportionality (discussed later):

D = kp,L|v'|/g. (15)
The length scald. is the Rhines scale at latitude of maximum eddy kinetic energ

L = Lo(|'|/B(¢0))""? (16)

whereg, is the latitude of maximum eddy kinetic energy ands the meridional gradient of the
Coriolis parameter. The velocity scale is proportionah® temperature gradient a4 divided

by the Coriolis parameter, all at the latitude of maximumyekidetic energy:

vo  0Ty000

f(do) Oy
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Combining expressions 15, 16, and 17, we obtain the fullesgon for the diffusivity

3/2
D = Do(f(90))™*(8(60)) ™ (%ﬁ) (18)

where all relevant constants have been gathered into thetaot®,. The temperatures at#n
are calculated from the surface moist static energy by asgumoist adiabatic ascent. Finally,
we obtain the latitude of maximum eddy kinetic energy by togathe maximum temperature
gradient at &m.

We run the model with 1000 grid points equally spaced indd#t and integrate the equations
in time until a steady state is reached. The diffusivity Goeint D, is calculated by tuning the

flux in the control case to match the GCM value.
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Table 1: Partition of vertically integrated moist statieeyy fluxes into sensible and latent compo-

nents at the latitude of maximum flux,(,..) for the T170 simulations. Units adelV = 10* W

for all simulations.
Simulation ¢,,.. MSE flux DSE flux Moisture flux Compensation

=0 35.4 5.61 5.61 0
E=1 36.1 5.64 2.95 2.69 98.9%
=10 36.8 6.03 0.09 5.94 92.9%
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Table 2: Partition of vertically integrated moist staticeegy fluxes into sensible and latent com-
ponents at the latitude of maximum flug,(...) for the T85 simulations. Units arBV for all

simulations.
Simulation ¢,,,. MSE flux DSE flux Moisture flux Compensation

=0 35.7 5.61 5.61 0

=05 35.7 5.85 3.99 1.86 87.1%
=1 35.7 5.87 2.95 2.92 91.1%
£E=2 37.1 5.85 1.93 3.93 93.6%
=4 37.1 6.00 1.11 4.89 92.0%
=10 37.1 6.40 0.19 6.21 87.3%
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Figure 1. Vertically integrated energy transports for tHe’@ cases (thicker lines): control case
(solid), dry limit (dashed), and 10X case (dash-dot). (a)d¥Istatic energy, (b) Dry static energy,
and (c) Moisture. Additionally plotted in (b) and (c) are th&5 cases (thinner lines): .5X case
(dashed), 2X case (solid), and 4X case (dash-dot). Unit&&re(10'> ).
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Figure 2: Vertically integrated moist static energy flux¢tes) and dry static energy flux (triangles)

at the latitude of maximum moist static energy flux as a fuomctif the moisture content parameter

&. T170 simulations (filled), T85 simulations (open). Units &1V .
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Figure 3: Vertically integrated moist static energy tramsga) by the mean flow and (b) by eddies
for the control case (solid), dry limit (dashed), and 10Xecésash-dot), all at T170 resolution.

Units arePW for all simulations. Note the different scales for each plot
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Figure 4: Gross moist stability for the control case (solidg dry limit (dashed), and the 10X case

(dash-dot), all at T170 resolution (units of temperaturk)n
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Figure 5: Maximum MSE fluxes as a function of the moisture enhparametef for the GCM

T170 simulations (filled circles), the GCM T85 simulationpén circles), and EBM2 (solid line).
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Figure 6: Effective diffusivities from the GCM (solid=cant, dashed=dry limit, dash-dot=10X

case, units are0® m? s71).
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Figure 7. Mean effective diffusivities (averaged polewafd25 degrees) from the GCM as a
function of moisture contergt, and the diffusivity required in EBM2 to reproduce the GCMxma

imum MSE flux (filled circles=T170, open circles=T85, squamequired EBM2 diff, units are

108 m?2 s7Y).
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Figure 8: Maximum flux (inPW) varying diffusivity (inm? s=1) in EBM2 for the control simula-

tion (solid), dry limit (dashed), and 10X case (dash-dot).
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Figure 9: Mean diffusivities from the GCM (filled circles=TQ, open circles=T85), the predicted

diffusivities from D = LV in the GCM at T170 (filled squares) and T85 (open squares)trand
diffusivity from EBM3 (solid). Units arel 0% m? s—!.
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Figure 10: Meridional temperature gradients at 638, in K/1000 km (solid=control case,

dashed=dry limit, dash-dot=10X case).
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Lat of max EKE

Figure 11: Latitude of maximum eddy kinetic energy from tH@N&(filled circles=T170, open cir-

cles=T85), the predicted latitudes from the theory at TIileéq squares) and T85 (open squares),
and from EBM3 (solid).
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Figure 12: RMS velocity from the GCM (filled circles=T170,@pcircles=T85), the predicted
velocities from the theory at T170 (filled squares) and T&®(osquares), and from EBM3 (solid).
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Figure 13: Maximum moist static energy flux from the GCM (fillleircles=T170, open cir-

cles=T85), and predicted flux from EBM3 (solid).
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